We conducted a systematic angular dependence study of nonlinear magnetoresistance in NiFe/Pt bilayers at variable temperatures and fields using the Wheatstone bridge method. We successfully disentangled magnon magnetoresistance from other types of magnetoresistances based on their different temperature and field dependences. Both the spin Hall / anisotropic and magnon magnetoresistances contain sin and sin 3 components ( : angle between current and magnetization), but they exhibit different field and temperature dependences. The competition between different types of magnetoresistances leads to a sign reversal of sin 3 component at a specific magnetic field, which was not reported previously. The phenomenological model developed is able to account for the experimental results for both the NiFe/Pt and NiFe/Ta samples with different thicknesses of the constituent layers. Our results demonstrate the importance of disentangling different types of magnetoresistances when characterizing the charge-spin interconversion process in magnetic heterostructures.
I. INTRODUCTION
Spin-charge interconversion in ferromagnet (FM)/heavy metal (HM) bilayers has been a subject of intensive studies [1, 2] . When a charge current passes through a FM/HM bilayers, spin accumulation occurs at the interface due to either bulk spin Hall effect (SHE) [3] [4] [5] [6] of the HM or Rashba-Edelstein effect (REE) at the interface [7] [8] [9] , or the combination of both effects.
If SHE is dominant as is the case for many FM/HM systems, the non-equilibrium spins affect both the magnetization dynamics of the FM layer and spin-dependent carrier transport of the bilayers in several aspects [1, 2] . First, spins with their polarization misaligned with the magnetization direction of the FM layer are absorbed by it, exerting spin-orbit torques (SOT) [1, 2, 10, 11] on the magnetization. The SOT, which has been observed in a variety of FM/HM bilayer systems, provides an efficient way to manipulate the magnetization of ultrathin FM layers [1, 2, [10] [11] [12] . Second, spins with the polarization parallel to the magnetization direction are partially reflected/transmitted at the FM/HM interface; the reflected spins flow back to the HM layer, inducing an additional resistance called spin Hall magnetoresistance (SMR) [13, 14] .
For FM with an in-plane magnetic anisotropy, the SMR exhibits the same angular dependence as that of anisotropic magnetoresistance (AMR), i.e., proportional to 2 , where is the angle between the magnetization and current direction. Although it is still a subject of debate [15] , it is commonly believed that the SMR is originated from the inverse spin Hall effect (ISHE) of HM [13, 16] . Third, the interfacial/transmitted non-equilibrium spins interact with the FM layer, giving rise to a magnetoresistance which is odd under either magnetization or current reversal, and is called unidirectional spin Hall magnetoresistance (USMR) [17] .
The USMR at saturation state is interpreted as originated from spin-dependent electron scattering both at the FM/HM interface and inside the FM layer, and is independent of the external field strength (hereafter we refer it to as SD-USMR) [17] . But, recent studies at lowfields unveil a rather complex scenario due to the excitation of magnons in the FM layer, 3 particularly at high excitation current [18] [19] [20] [21] [22] . The magnon-induced magnetoresistance was found to be asymmetrical with respect to both the external field ( ) and current density ( ), and scales as − and + 3 , respectively [20] . The exponent p, with the value close to 1, is observed to increase with current and decrease with the FM layer thickness and is believed to be related to the stiffness of magnon modes [20] . In addition to the field strength, the magnon magnetoresistance (MMR) is also found to contain odd harmonics of [20] . Although the experimental data can be accounted for reasonably well using phenomenological models, the origin of both the and dependence is still not well understood. 
II. EXPERIMENTAL DETAILS
The samples used for the current-induced MR measurements are NiFe(tNiFe)/Pt(tPt) bilayers deposited on SiO2/Si substrates, unless otherwise specified. All the layers were prepared by dc magnetron sputtering with a base pressure of 2 × 10 -8 Torr and working pressure of 3 × 10 -3 Torr, respectively. Here, the numbers inside the brackets denote layer thickness in nm. Instead of using the standard lock-in technique, in this work we employ the Wheatstone bridge method to measure the 2 nd harmonic signal induced by an ac current [23] [24] [25] . Figure 1 
III. DISENTANGLE MMR FROM AMR AND SMR by BRIDGE TECHNIQUE
Before discussing the experimental results, we first explain how an ac driven bridge technique can be used to disentangle MMR from AMR and SMR in FM/HM bilayers [23] [24] [25] [26] .
As shown in the schematic of Fig. 1(b) , the samples in this work are configured in a Wheatstone bridge structure which comprises of four ellipsoidal NiFe/Pt elements. When a current is applied to the bridge, it flows along the long axis of the elements, but the direction is opposite for element 1 and 4 versus 2 and 3. This means that the spin polarization ( ) induced by the current in the two pairs of elements, i.e., 1 and 4 versus 2 and 3, is also opposite to each other.
This facilitates measurement of 2 nd order AMR/SMR because the current induced resistance change in the adjacent elements also exhibits opposite sign. In addition to AMR/SMR, the bridge is also a natural method to measure SD-USMR and MMR because the SD-USMR exhibits a sin dependence, whereas the MMR depends on both sin and sin 3 with the angle between current and magnetization. The sin dependence of SD-USMR is explained in literature based on the analogy with giant magnetoresistance wherein the interface is assumed to play the role of one of the FM layers [17, 20] . However, the origin of sin 3
term remains unexplained so far. As elaborated below, we argue that the sin 3 term is due to the combined effect of angel-dependent magnon-excitation and the AMR. The magnon excitation efficiency in FM/HM bilayers is proportional to sin because it is strongest when ∥ . The excited magnon increases the resistance via electron-magnon scattering which, in the 1 st order, should also exhibit a sin dependence. As the scattering involves spin-flip, it will naturally affect the AMR since the latter is resulted from mixing of spin-up and spin-down electrons via spin-orbit interaction [27] . Therefore, we may conjecture that, in addition to the sin term, there is another MMR related term which is proportional to sin cos 2 , or alternatively, it may be written in the form of (sin + sin 3 )/4. According to Fert and Campbell [27] , the AMR may be considered as being cause by "resistivity transfer" from spindown electrons to spin-up electrons, and the transfer is strongest when the magnetization is parallel to current. Therefore, the sign of sin cos 2 term should be opposite to that of the sin term. The two terms combined give an MMR in the form of (∆ 1 sin + ∆ 3 sin 3 ). The absolute sign of the sin and sin cos 2 terms depends on the 6 deposition sequence of the FM/HM bilayers and the sign of HM Hall angle. The two terms combined determine the sign of ∆ 1 and ∆ 3 .
By including the contributions from AMR/SMR, SD-USMR, MMR, and thermoelectric effect [17, 20] , the longitudinal resistance element 1 (R1) in the bridge may be expressed as
where 0 is the longitudinal resistance when the magnetization is perpendicular to the current direction, ∆ contains the MR contributions from both AMR and SMR, is the angle between current and magnetization at zero current (set by the external field), ∆ is the angle change induced by the current, ∆ 1 and ∆ 3 represent and 3 contribution to the MMR, respectively, and ∆ 0 is the field-independent MR term, which is proportional to the current and accounts for both the SD-USMR and thermoelectric effect [17] . ∆ 1 and ∆ 3 are dependent on both the current and external field. For the in-plane magnetized NiFe/Pt structure, ∆ is approximately given by ℎ with the SOT induced field-like effective field ℎ = , where is the SOT efficiency, is the external field, and is the current density in Pt layer.
Similarly, the longitudinal resistance element 2 (R2) can be expressed as (note : ∆ has a negative sign with respect to element 1 and differs from that of element 1 by )
The sign of last three terms is opposite to that of Eq. (1) because of reversal of current direction in element 2 against element 1. When an ac current = 0 is applied to the bridge, the output voltage of the Wheatstone bridge is given by = 2 − 1 = 0 2 ( 2 − 1 ). We 7 used an ac current instead of dc current because it suppresses the thermal drift and reduces noise [24, 25] . Since the last three terms in both Eqs. (1) and (2) are proportional to the current density at low current region, we may write them as ∆ 1 = ∆ 1 , ∆ 3 = ∆ 3 , and 
where 0 is the amplitude of the current density in the Pt layer. The time average or dc output voltage is ∆ 0 /2, which can be directly measured by the dc nano-voltmeter. As the dc output is proportional to ∆ , it can be used to characterize the spin-charge interconversion process without resorting to the lock-in technique. In fact, the bridge technique is generic, and can be , where is an induced internal field proportional to the magnetization [28] [29] [30] , we may write ∆ and ∆ 3 as:
8 where = 1 2 ∆ 0 , = 0 , and = 0 . and are field-independent constants, which are related to ∆ 1 and ∆ 3 by = −∆ 1 ( + ) and = −∆ 3 ( + ), respectively. Eqs. (4) and (5) are the central equations which will be used to discuss the experimental results. 
IV. RESULTS AND DISCUSSION

A. External field dependence of nonlinear magnetoresistance
We first present the results of angle dependent nonlinear MR in an ac excited NiFe(1.8)/Pt(2) Wheatstone bridge measured at room temperature. Figure 2( 
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To have a more quantitative understanding of the field dependence of the nonlinear MR signal, we extract and 3 and then divide by 0 /2 to obtain nonlinear resistance components ∆ and ∆ 3 . The results are shown in Fig. 2 (c) and Fig. 2(d) , respectively, as a function of for two different current densities (square: 5.5 × 10 5 A/cm 2 and triangle:
1.1× 10 6 A/cm 2 ). The solid-lines are fitting results using the Eqs. (5) well explains the sign reversal for ∆ 3 as the external field increases.
In order to compare with the model proposed previously by Avci et al. [20] , we have also tried to fit the field dependence of magnon contribution to the MR using the power law, i.e., − . According to Eqs. dependence is more appropriate to describe the effect of external field on MMR. As we mentioned earlier, the is the induced internal field which, has been shown previously to be proportional to the saturation magnetization (Ms) [28] [29] [30] . To further investigate the origin of Hm, we have fabricated a series of NiFe(tNiFe)/Pt(2) samples with different NiFe thicknesses.
We then repeated the measurements to extract Hm for samples with different NiFe thicknesses and the results are plotted in Fig. 2(f 
B. Current density dependence of nonlinear magnetoresistance
After successfully decomposing the nonlinear MR into components of different origins, we now examine its dependence on current density. Fig. 3(a) and Fig. 3(b (3) in which all terms with angle dependence of and 3 are proportional to the current density. However, when the current density exceeds 2 × 10 6 A/cm 2 , both ∆ and ∆ 3 start to exhibit a nonlinear dependence on current at low field, but the linear dependence restores at high field. Fig. 3c and Fig.3d show the typical results at low (1000 Oe) and high (20000 Oe) field, respectively. Similar results have been obtained previously for Pt/Co bilayers in which the rapid increase of nonlinear MR at large current density is attributed to the contribution from thermal magnons [20, 21] . The dependence on remains the same for large current suggests that the thermal magnon excitation in FM/HM bilayers is correlated with the magnons stimulated by the SHE-generated non-equilibrium spins from the HM layer. 
C. Temperature dependence of nonlinear magnetoresistance
In order to further substantiate the argument which leads to Eqs. (4) and (5), we investigate the temperature dependence of the fitting parameters A, B, and C from 50 K to 300 K. The low temperature limit of 50 K is set by the measurement system used. The sample used was the same as the one whose room temperature characteristics have already been presented in Fig. 2 . The Pt current density was fixed at 5.5 × 10 5 A/cm 2 unless otherwise specified. (4) and (5) . The fitting parameters , and as a function of temperature are summarized in Fig. 4(c) . As can be seen, behaves quite differently from and with respect to the temperature. The value decreases slightly from 50 K to 300 K though there is a small kink at around 200 K above which it is almost constant. In contrast, and are very small at 50 K, and when the temperature increases, it initially increases slowly from 50 K to 200 K, but the rate of increase becomes much larger between 200 K -300 K. This demonstrates clearly the different origins of versus and .
The fast increase of and with temperature further confirms that the and related terms in Eqs. (4) and (5) are due to magnon excitation, whereas A is mainly from the combined effect of AMR and SMR.
To have a more quantitative view of the contributions from AMR/SMR and MMR, we have extracted values of ∆ 1 and ∆ 3 at 100 Oe, 500 Oe and 20000 Oe with _ = 5.5 × 10 5 A/cm 2 and compare them with that of experimentally measured ∆ from 50 K to 300 K in Fig. 4(d) . As can be seen, ∆ 1 is negative and ∆ 3 (solid-lines with symbols) is positive in the entire temperature and field range investigated. The absolute values of both MMR terms decrease with increasing either the external field or temperature. At 100 Oe and 300 K, both ∆ 1 and ∆ 3 are in the Ω range, but they are diminishingly small at a field of 3 15 MMR contribution is important even at low current density when charactering the spin-charge interconversion phenomena in FM/HM bilayers such as the spin-orbit torque. Depending on the nature of signal that is measured as well as the measurement condition, both the amplitude and sign can be different. Material) . This is also manifested in the fact that ∆ at 2 T exhibits an opposite polarity for the NiFe/Ta and NiFe/Pt samples, which is consistent with the USMR scenario [17] . Figure 6( 6 (c) and Fig. 6(d 
F. Discussion
The above results all point to the fact that the 2 nd order MR contains the contributions from AMR/SMR, SD-USMR, and MMR, which can be separated by the field strength and angle dependence data. Although the experimental data can be accounted for reasonably well using the model described by Eq. (1), first principles studies are required to unveil the true origin of the sin and sin 3 terms of the MMR. As we demonstrated in this work and also our previous work [25] , the bridge method is uniquely suited for measuring MR which is an odd function of the current. Due to the low noise in the signal, there is no need to perform any postmeasurement processing of the data, which helps to increase the rigor of data analysis. We expect that it will become a powerful technique for characterizing spin texture of various types of materials.
V. CONCLUSIONS
In conclusion, we have conducted a systematic angular dependence study of MR in NiFe/Pt bilayers at variable temperature and field and successfully disentangled MMR from the AMR and SMR. It is found that the angular-dependence of MMR contains two terms proportional to sin and sin 3 , respectively, and both terms scale as ( + 
